We present the large-scale structure over more than 50 comoving Mpc scale at z ∼ 0.9 where the CL1604 supercluster, which is one of the largest structures ever known at high redshifts, is embedded. The wide-field deep imaging survey by the Subaru Strategic Program with Hyper Suprime-Cam reveals that the already-known CL1604 supercluster is a mere part of largerscale structure extending to both the north and the south. We confirm that there are galaxy clusters at three slightly different redshifts in the northern and southern sides of the supercluster by determining the redshifts of 55 red-sequence galaxies and 82 star-forming galaxies in total by the follow-up spectroscopy with Subaru/FOCAS and Gemini-N/GMOS. This suggests that the structure ever known as the CL1604 supercluster is the tip of the iceberg. We investigate stellar population of the red-sequence galaxies using 4000Å break and Balmer Hδ absorption line. Almost all of the red-sequence galaxies brighter than 21.5 mag in z-band show an old stellar population with > ∼ 2 Gyr. The comparison of composite spectra of the red-sequence galaxies in the individual clusters show that the galaxies at a similar redshift have similar stellar population age, even if they are located ∼50 Mpc apart from each other. However, there could be a large variation in the star formation history. Therefore, it is likely that galaxies associated with the large-scale structure at 50 Mpc scale formed at almost the same time, have assembled into the denser regions, and then have evolved with different star formation history along the hierarchical growth of the cosmic web.
Introduction
The canonical model of the cold dark matter structure formation suggests that small-scale building blocks merge via gravitational interactions and then grow into more massive structures in the universe. Distribution of dark matter deviates from uniformity as time goes on, and large-scale structures of dark matter haloes that consist of voids, filaments, groups, and clusters become prominent gradually (e.g., Springel et al. 2005; Vogelsberger et al. 2014; Schaye et al. 2015) . Given that galaxies are hosted in dark matter haloes, galaxy formation and evolution is expected to be closely linked to the growth of large-scale structures. Therefore, it is important to understand how galaxies have evolved while the dark matter haloes grow hierarchically. The cosmological simulations predict that the local clusters consist of galaxies that were located in the wide areas over several tens Mpc scale at high redshifts and then assembled into the high-density regions, although the cluster member galaxies are currently bounded within about Mpc scale (Muldrew et al. 2015; Chiang et al. 2017 ). This suggests that when we investigate the large-scale structures at higher redshifts, a wider survey volume is essential to reveal the structure formation.
Observationally, the cosmic web structures of galaxies at z < ∼ 1 are revealed by wide-field spectroscopic surveys such as Sloan Digital Sky Survey (SDSS, Blanton et al. 2003; Abazajian et al. 2009 ), 2dF Galaxy Redshift Survey (2dFGRS, Colless et al. 2001) , VIMOS VLT Deep Survey (VVDS, Garilli et al. 2008) , VIMOS Public Extragalactic Redshift Survey (VIPERS, Guzzo et al. 2014) , Observations of Redshift Evolution in Large-Scale Environments (ORELSE) Survey (Lubin et al. 2009; Gal et al. 2008 ), DEEP2 survey (Gerke et al. 2012; Newman et al. 2013 ), Prism multi-object survey (PRIMUS, Skibba et al. 2014; Coil et al. 2011) , and HectoMAP survey (Hwang et al. 2016; Sohn et al. 2018) . Indeed, as seen in cosmological simulation of the cold dark matter model, it is observed that galaxy clusters are located at the intersections of filamentary structures over the several tens Mpc scale and galaxy clusters also compose larger-scale superclusters embedded in the cosmic web (Haynes & Giovanelli 1986; Nakata et al. 2005; Tanaka et al. 2009; Einasto et al. 2011; Tully et al. 2014; Kim et al. 2016; Lietzen et al. 2016; Pompei et al. 2016; Haines et al. 2018; PaulinoAfonso et al. 2018; Koyama et al. 2018) . Among the structures surveyed, the large-scale structures at high redshifts are interesting and important from the perspective of the growth of the structures in the universe. The CL1604 supercluster at z ∼ 0.9 investigated by the ORELSE survey is one of the largest complex structures ever known at high redshifts over ∼ 0.5 deg (∼ 26 comoving Mpc), which consists of three galaxy clusters with M cl > 10 14 M and at least five galaxy groups with Mg > 10 13 M (Lemaux et al. 2012 ).
At present, there are wide-field imaging surveys covering over several hundreds to about a thousand deg 2 such as Pan-STARRS (Chambers et al. 2016) , DES (Dark Energy Survey Collaboration et al. 2016) , and KiDS (de Jong et al. 2015) . Among them, Subaru Strategic Program (SSP) with Hyper Suprime-Cam (HSC, Miyazaki et al. 2018; Komiyama et al. 2018; Kawanomoto et al. 2018; Furusawa et al. 2018 ) is an ongoing imaging survey in grizy five bands that combines both a coverage of 1400 deg 2 and a depth of rAB ≈ 26 by making full use of a field of view (FoV) of HSC, 1.77 deg 2 , and 8-m class Subaru telescope (Aihara et al. 2018b ). The HSC-SSP survey provides us with wide-field, deep data set that is essential to investigating large-scale structures at high redshifts. The survey area of the HSC-SSP covers the regions including the already-known structures of the CL1604 supercluster. The HSC data in five broadband of grizy became available in the DR1 S16A internal release in August 2016 (Aihara et al. 2018a) . Then, the second public data release (PDR2) of HSC-SSP data 1 is in May 2019 (Aihara et al. 2019 ).
Interestingly, we have found a strong evidence that the already-known CL1604 supercluster is embedded within more extended large-scale structures (Fig. 1) . We are on the verge of revealing a complete picture of the CL1604 supercluster with more than 50 comoving Mpc scale (> 1deg) at z ∼ 0.9.
This paper aims to reveal the whole picture of the largescale structures around the CL1604 by the HSC-SSP imaging data and confirm them spectroscopically, which is described in section 2. This undoubtedly allows us to investigate how the galaxies associated with the large-scale structures have assembled into the denser regions and then evolved along the hierarchical growth of the cosmic web of the underlying dark matter haloes. In section 3, we investigate the stellar populations of red-sequence galaxies, compare the stellar populations between the galaxies in different clusters confirmed and discuss the formation process of the large-scale structure. Finally, our conclusions are presented in section 4. Throughout this paper, magnitudes are presented in the AB system (Oke & Gunn 1983 Distribution of galaxies at z ∼ 0.9 is shown using a kernel-density estimate with a Gaussian kernel. The galaxies are selected from the HSC-SSP S16A data by applying the criteria of photometric redshifts (ephor ab, Tanaka et al. 2018 ) of 0.85-0.95. The contours are drawn on the grid of 1×1 arcmin 2 and a bandwidth two times larger than the bin size is used in the Gaussian kernel. The sigma is estimated from the standard deviation of the densities in the bins. The bright object masks with a radius larger than 1 arcmin are shown in gray (Coupon et al. 2018) . The galaxy clusters and groups reported by Lemaux et al. (2012) are shown by the black circles with the redshift information. The white crosses are galaxy clusters selected on the HSC-SSP S16A data by the red-sequence finder named CAMIRA (Oguri 2014; Oguri et al. 2018) . The white numbers are the redshifts of the clusters estimated by CAMIRA. The overdense regions of galaxies selected based on the photometric redshifts traces both the clusters/groups ever known and the CAMIRA clusters. The red squares are overdense regions where the spectroscopic follow-up observations are conducted by this study.
2 Revealing the whole picture of the CL1604 supercluster
Wide-field imaging survey with Subaru HSC
The HSC data around the CL1604 supercluster are available from both the HSC-SSP S16A internal release and PDR2. The different version of data release means that the data are processed by the different version of the pipeline. The S16A data are processed with the pipeline, hscPipe v4.0.2 , and the PDR2 data are processed with the latest pipeline, hscPipe v6 Aihara et al. 2019) . Measurement flags given by a version of the pipeline to each object, which are used for e.g., object selection, validation of data quality and reliability of photometry, cannot be necessarily coincident with those by another version of the pipeline. Therefore, HSC data used in this section are extracted from the S16A internal release (Aihara et al. 2018a) , not PDR2, to keep a consistency between our original investigation of the galaxy distribution around the CL1604 supercluster and the subsequent target selection for the follow-up spectroscopy. A composite model magnitude named cmodel is used for the photometry of galaxies. The cmodel photometry measures fluxes of objects by simultaneously fitting two components of a de Vaucouleur and an exponential profile convolved with a point-spread function (PSF) ).
The number density map of the photo-z selected galaxies with z ph = 0.85-0.95 (Aihara et al. 2018a; Tanaka et al. The galaxies with r − z > 1.7 are classified as red-sequence galaxies, while the galaxies with r − z < 1.7 are classified as star-forming galaxies. For the comparison, we arbitrarily define the field as a region with 241.5<R.A.< 242.0 and 42.5<Dec.<43.5. In the lower right panel, the normalized histograms of r − z colors in each region are shown. The dashed line show the color of r − z = 1.7. Compared with the field, the overdense regions show the larger number of the red-sequence galaxies, which can be visible by prominent red sequence.
2018) shows the large-scale structures extending in northto-south direction well beyond the already-known structures of the CL1604 supercluster (figure 1). In the S16A release, the photometric redshifts calculated by six different codes are available. Among them, we use the photo-z calculated by the code named ephor ab and the photo-z quality is σz ∼ 0.035 (Tanaka et al. 2018) . Note that even if we use the photo-z calculated by any of the other codes, the number density map of galaxies with z ph = 0.85-0.95 is consistent with each other. As shown in figure 1 , the structure of the photo-z selected galaxies coincides with the distribution of the galaxy clusters at z ph,cl =0.9±0.1 (σz ph,cl ∼ 0.01) identified by a red sequence galaxy finder named CAMIRA (Oguri 2014; Oguri et al. 2018) , suggesting that we are seeing the real global structures at z ∼ 0.9. We also make sure that galaxies with photometric redshifts of 0.70-0.80 or 0.95-1.05 do not show the similar structure of overdensity regions and structures of galaxies with photometric redshifts of 0.75-0.85 or 0.90-1.00 are not so prominent as shown in figure 1. These support that the large-scale structure of galaxies with photometric redshifts of 0.85-0.95 is real. Figure 2 shows the color-magnitude diagram of the galaxies selected in the several overdense regions, where the prominent red sequence is seen compared with that in the general fields. Note that we define the boundary of r − z = 1.7 to distinguish red-sequence galaxies from star-forming galaxies (figure 2). The concentration of red galaxies also convinces us that the galaxies selected are associated with the large-scale structures including the CL1604 supercluster. Figure 1 demonstrates that the Subaru HSC has the unique ability to survey the large-scale structures at high redshifts thanks to both the wide-field coverage and the depth of the data. However, these evidences are all based on the photometric data. The spectroscopic confirmation is essential to proceed with further detailed studies on the structure formation and cluster galaxy evolution. To do that, we visually select four regions showing the highest number density based on figure 1; one is to the north of the already-known CL1604 supercluster and three are to the south.
2.2 Spectroscopic confirmation of the large-scale structure
Spectroscopy with Subaru and Gemini-N
We used FOCAS/Subaru (Kashikawa et al. 2002) and GMOS-North/Gemini (Hook et al. 2004 ) to conduct follow-up observations for galaxies selected in section 2.1 and then confirm four overdense regions associated with the extended large-scale structures at z ∼ 0.9 (figure 1). FOCAS has a circular field of view (FoV) of 6 arcmin in diameter. We used a MOS mask in the FOCAS run to observe the galaxies in the N1 region. Among the candidates within the FoV, red-sequence galaxies are selected as a first priority and then star-forming galaxies are selected. Higher priority is given to brighter galaxies. In the mask, 28 slits are allocated to 29 galaxies, i.e., a pair of close targets is observed with a single slit (15 red-sequence galaxies and 14 star-forming galaxies). A slit is allocated to a star for monitoring the sky condition such as seeing and transparency. The slit width is 0.8 arcsec. We use VPH850 grating and SO58 order sorting filter, which provides spectral resolution of R = 750 for 0.8 arcsec slit and wavelength coverage of 5800-10350Å. Since 2 pixels are binned along spatial direction in each readout of frame, a pixel scale is 1.19Å and 0.2076 arcsec per pixel. The spectra in the sequence of the exposures were obtained by dithering by ±1 arcsec from the central position along the slit. We took seven exposures with 900 sec on-source integration each, and thus the total integration time is 1.75 hours. The seeing ranges between 0.72 and 0.93 arcsec, which are measured from the spectra of the monitoring star. The sky was in almost photometric condition during the observation with this mask.
GMOS has a rectangular FoV of 5.5×5.5 arcmin 2 . We used a MOS mask in the GMOS run to observe the galaxies in each candidate of galaxy cluster, i.e., 4 MOS masks were used in total. We selected the target galaxies based on the same strategy as in the FOCAS run. As shown in table 1, 31-38 slits are allocated to red-sequence galaxies and star-forming galaxies. Furthermore, a slit is allocated to a star in each mask for monitoring the sky condition. The slit width is 1.0 arcsec. We use R400 grating and OG515 blocking filter, which provides spectral resolution of R = 959 for 1.0 arcsec slit and wavelength coverage of >6150Å. Since 2 pixels are binned along both spatial and spectral direction in each readout of frame, a pixel scale is 1.52Å and 0.1614 arcsec per pixel. The spectra were obtained by dithering along spectral direction at three central wavelengths of 7800, 7900, and 8000Å to fill the gap between the detectors. Note that we did not use the Nod & Shuffle mode. Five exposures with 868 sec on-source integration each were taken under the dark night condition of cloud cover CC=50% (clear) and image quality IQ=70 (good), and thus the total integration time is 1.21 hours.
The seeing ranges between 0.60 and 0.90 arcsec, which are measured from the spectra of the monitoring star.
Reduction of the spectroscopic data
We used the FOCASRED package, which includes the IRAF 2 scripts, for the Subaru/FOCAS data reduction. We also used the Gemini IRAF 2 package and reduced the Gemini-N/GMOS data with PyRAF 3 according to the GMOS Data Reduction Cookbook hosted on the US National Gemini Office (NGO) pages 4 .
We reduced both the FOCAS and GMOS data in a standard manner. All of bias subtraction, overscan subtraction, flat fielding, distortion correction, wavelength calibration, sky-subtraction, coadd, and flux calibration are conducted in order. The wavelength calibration is based on the bright sky emission lines for FOCAS data and the CuAr spectrum for GMOS data. As a spectroscopic standard star, HZ44 and Feige66 are observed with FOCAS and GMOS, respectively. The spectra of the standard stars are used to correct for telluric absorption. Furthermore, to correct for the flux loss from the slit, we normalize the flux density of the spectrum to the broadband photometry for the red-sequence galaxies with stellar continuum detected. We perform no correction to the star-forming galaxies only detected in emission line, because we do not use the fluxes of emission lines in this paper. Gemini-N GMOS R400 72.3 0.61-0.69 GN-2018A-FT-107 * The number of galaxies that are observed or confirmed by the observations. † The galaxies with r − z > 1.7 are classified as red galaxies, and the others are blue galaxies (see also figure 2). The spectroscopic redshifts are compared with the ephor ab photometric redshifts in the upper panel. The red-sequence galaxies are shown by red symbols, while star-forming galaxies are shown by blue symbols. The solid, dashed, and dotted line shows the difference of the two redshifts by ±0.0, ±0.05, and ±0.1. In the lower panels, the difference between photometric and spectroscopic redshifts is shown as a function of the r −z color of galaxies. The histograms on the right-hand side show the distribution of the redshift difference in red-sequence (red) and star-forming (blue) galaxies. The dot and bar are the median and dispersion of the redshift difference.
Redshift measurement
The redshifts for red-sequence galaxies are measured based on the stellar continuum of the observed spectra as well as HSC broadband photometry. Hereafter, whenever it is necessary, the information of galaxies such as coordinates and optical broadband photometry are extracted from the latest database of HSC-SSP PDR2 (Aihara et al. 2019) . The measurement values for the individual galaxies are shown in Appendix 2. If required, readers can obtain additional information of the galaxies provided by the HSC-SSP survey in the data release website 1 .
We use the C++ version 5 of the FAST code (Kriek et al. 2009 ) to fit the model spectral energy distribution (SED) derived by stellar population synthesis to the observed stellar continuum, where the redshift is one of the free parameters. The model SED templates are generated by the code of Bruzual & Charlot (2003) and the Chabrier (2003) initial mass function (IMF) is assumed. The star formation histories of the exponentially declining model are adopted, where we set an e-folding time of log(τ /yr) = 8.5-10.0 with ∆log(τ /yr) = 0.1 (Wuyts et al. 2011) . Ages of 0.1-10.0 Gyr are acceptable with a step of ∆log(age/yr) = 0.1. The extinction curve of Calzetti et al. (2000) is assumed, and AV ranges from 0.0 to 3.0. Metallicity is fixed to the solar value. The absorption lines of Ca H+K and Balmer series are well fitted by the model SED and useful to determine a redshift. The uncertainty of the redshifts is ∆z=0.001. Among the 60 red-sequence galaxies observed, we obtain the redshifts for 55 galaxies with the stellar continuum detected with enough signal-to-noise ratio. A success rate of the confirmation for red-sequence galaxies is 91.7%. The redshifts for red-sequence galaxies confirmed are listed in table 4.
The redshifts for star-forming galaxies are determined based on [O II]λ3727 emission line. Among the 104 starforming galaxies observed, emission lines are detected from 82 galaxies. The detection of emission lines is visually inspected on both 1D and 2D spectra for the individual galaxies. A success rate of the confirmation for starforming galaxies is 78.8%. Although 28 galaxies have a single line detected in the spectrum, 54 galaxies have multiple emission lines such as Hβ and/or [O III]λλ4959, 5007 detected. In the case of the single line detected in the individual spectrum, we assume that the emission line is [O II]λ3727. The assumption should be reasonable, because the lines are detected around ∼7000Å in the ob- Fig. 4 . Distribution of redshifts spectroscopically confirmed in each overdense region. The red histograms show the redshift distribution of redsequence galaxies, the blue ones show those of star-forming galaxies. Note that the red histogram is stacked with the blue histogram, and the solid black histogram shows the total number of galaxies including red-sequence and star-forming galaxies. The number of the galaxies is shown in the legend.
served frame and the wavelength of the line detection is consistent with the expectation from the photometric redshifts estimated with the optical broadband photometry. Note that the spectra of 9 galaxies with the only single line detected do not cover the wavelength of Hβ and/or [O III]λλ4959, 5007. The redshifts of the galaxies with multiple emission lines detected are more securely determined. The redshifts are measured from the peak wavelength of the profile of [O II] emission line derived by Gaussian fitting. The redshifts and the emission lines detected for star-forming galaxies confirmed are listed in table 5.
In total, we confirm 137 galaxies at z=0.8-1.1 among the 164 galaxies observed. Figure 3 shows the comparison between the photometric redshifts used in the target selection and the spectroscopic redshifts determined by this study. The spectroscopic redshifts tend to be systematically higher than the photometric redshifts by ∼0.03, which indicates the importance of follow-up spectroscopic observations. The systematic difference between the photometric and spectroscopic redshifts is similar for both redsequence galaxies and star-forming galaxies. However, the dispersion of the redshift difference is slightly larger in the star-forming galaxies than the red-sequence galaxies (lower panel of figure 3 ). The larger dispersion in starforming galaxies seems to be due to a larger fraction of star-forming galaxies with photometric redshifts underestimated. This systematic offset of photometric redshift towards lower values suggests that our photo-z selection of galaxies can cause a lower completeness of galaxies at lower redshifts among the redshift range of 0.85-0.95. This is why in figure 1 the position of the cluster-B at z = 0.865 is not as overdense as the other clusters at higher redshifts of z > ∼ 0.9 among the clusters presented by Lemaux et al. (2012) . We make sure that the spatial distribution of galaxies selected with the photometric redshift range shifted lower by 0.05 is more similar to the structures presented by Lemaux et al. (2012) . In other words, the accuracy of the photometric redshifts demonstrates that member galaxies associated with the galaxy clusters and groups at z > ∼ 0.9 should be surely selected by the criteria we apply. Figure 4 shows redshift distributions of the red-sequence galaxies (red histogram) and the star-forming galaxies (blue histogram) confirmed in each overdensity region. The peaks of redshift distribution are coincident between red-sequence galaxies and star-forming galaxies. The individual redshift peaks show a wide range of the fraction of red-sequence galaxies. Some overdensity regions show about > ∼ 50% of the fraction of red-sequence galaxies, while some regions show as small as one-third. In particular, the S3 region shows the strong concentration of star-forming galaxies, suggesting that the cluster is less mature than the others. The difference of the red fraction may reflect the structure formation in this supercluster region, which is discussed in section 3 along with stellar population of red-sequence galaxies.
2.3 Overview of the large-scale structure of CL1604 supercluster Figure 5 shows the close-up view of spatial distribution, color-magnitude diagram, redshift distribution of the confirmed galaxies, where the symbols are color-coded based on the redshift range. The red-sequence galaxies in the N1 region show three peaks in the distribution, suggesting three clusters/groups are superposed and thus this region looks as if there is prominent structure in the projected 2D map of galaxies (figures 1 and 5). The spatial distribution of galaxies with different redshift ranges cannot be separated. The difference of the redshifts in three peaks corresponds to more than 6000-7000 km s −1 away from each other. Since a typical velocity dispersion of member galaxies in galaxy clusters is ∼ 1000-2000 km s −1 depending on the cluster richness (e.g., Girardi et al. 1993) , the structures at the different redshifts are likely to be independent. The comoving distance between three peaks with different redshifts is ∼ 100 comoving Mpc. The S1 region shows three small peaks. Interestingly, although these are not as prominent as the peaks in the N1 region, the redshifts of the peaks are quite similar. . This is an overview of the structures that we confirmed by this study. The map shown at the lower left is the same as figure 1. In each panels of upper left, upper right, middle right, and lower right, zoom-up view of the spatial distribution of the galaxies, the color-magnitude diagram, and the redshift distribution are shown in the four individual regions surveyed by this study. Note that each red square in the whole map corresponds to the field size of the zoom-up view and all of the bright object masks are shown in the zoom-up distribution. The galaxies spectroscopically confirmed are shown with the colors according to the redshifts. The black dots are galaxies selected with the photometric redshifts located in the zoom-up region. -R.A. and DEC. are mean coordinates of the galaxies confirmed in the region.
-z shows the median redshift of the galaxies confirmed.
-N shows the number of member galaxies associated with the structures.
at three different redshifts. The galaxies in the regions between the N1 and S1 also show similar redshift distribution (Gal et al. 2008) . The south part of S2 that consists of galaxies at z ≈ 0.9 seems to be connected to the structure of S3. The redshift distribution is similar between the S2 and S3 overdense regions. Therefore, we confirm that this supercluster extends toward not only the north-south direction but also the redshift direction, namely, this is a complex three-dimensional structure more extended than already-known. These results may suggest that the assembly of galaxies associated with the large-scale structures is synchronized over 50 comoving Mpc scale. The structures confirmed are summarized in table 2.
3 Formation history of the large-scale structure
Stellar population of red-sequence galaxies
Stellar population of galaxies associated with the largescale structures are useful for understanding how the galaxies have evolved along the hierarchical growth of host dark matter haloes. To do that, we measure the strength of 4000Å break of stellar continuum, Dn4000, and strength of Balmer Hδ absorption line. The Dn4000 index is sensitive to stellar population age in the sense that young galaxies have small 4000Å break and old metal-rich galaxies have large 4000Å break (Kauffmann et al. 2003) . The equivalent width of Hδ, EW(Hδ), is sensitive to the time scale of star formation history in the sense that the absorption is the strongest 0.1-1.0 Gyr after burst of star formation (Kauffmann et al. 2003) . Therefore, a diagram of Hδ versus Dn4000 is widely used to characterize stellar population of galaxies.
We apply the definition by Balogh et al. (1999) for the measurement of Dn4000 index, where flux densities of stellar continuum at 3850-3950Å and 4000-4100Å are measured as a blue and red side continuum level, respectively. There are several frequently used definitions for EW(Hδ) depending on a difference in a wavelength range of continuum level and/or absorption line (Worthey & Ottaviani 1997; Fisher et al. 1998) . Worthey & Ottaviani (1997) define HδA as a measurement from the blue continuum of 4041.60-4079.75Å, the red continuum of 4128.50-4161.00Å, and the absorption band of 4083.50-4122.25 A, while Fisher et al. (1998) define it by the blue continuum of 4017.0-4057.0Å, the red continuum of 4153.0-4193.0Å, and the absorption band of 4083.5-4122.25Å. The difference between the two definitions of Hδ is how the continuum level is determined. We apply the definition by Worthey & Ottaviani (1997) for the measurement of EW(Hδ) here. The positive value of EW means that Hδ is an absorption line. Figure 6 shows the measurements of Hδ spectral feature as a function of those of Dn4000. The error shows the standard deviation of 100 measurements for the individual spectrum with 1σ noise added following a normal distribution. We measure the spectral indices for only the 33 red-sequence galaxies with z-band mag brighter than 21.5, because the other 22 fainter galaxies have too large uncertainty in the measurement to determine the indices on an individual basis. The limiting magnitude corresponds to stellar mass of > ∼ 10 figure 6 . The star formation histories that we consider are simple stellar population (SSP), exponentially declining one with e-folding time of 0.1 Gyr, 0.3 Gyr, and 1.0 Gyr, and constant star formation. When the Dn4000 index ranges with the values less than 1.4, which corresponds to age < ∼ 2 Gyr, EW(Hδ) can take different values depending on the time scale of star formation. However, after ∼ 2 Gyr, the tracks with different star formation histories converge. Furthermore, as a reference, the distribution of the line indices of galaxies at z=0.04-0.1, which are extracted from the SDSS DR7 catalog of spectrum measurements released by the MPA-JHU 7 is also shown (Kauffmann et al. 2003 ).
Most of the bright red-sequence galaxies have old ages, although the individual galaxies show large variations on the Hδ-Dn4000 diagram (figure 6). Different symbols denote the different locations on the sky, and different colors reflect different redshifts (the color coding is the same as in figure 5 ). The red-sequence galaxies in N1 region tend to have larger values of Dn4000, compared with the galaxies in southern structures. On the other hand, irrespective of the location, there seems to be weak trend that the redsequence galaxies at similar redshifts have similar spectral indices. However, the individual measurements of EW(Hδ) and Dn4000 have large uncertainties even for bright galaxies with z−band mag < 21.5. Hereafter, we use composite spectra of the red-sequence galaxies in each sub-structure to investigate the average properties. Then, we discuss formation history of the CL1604 supercluster and stellar populations of the red-sequence galaxies.
To make composite spectra of the red-sequence galaxies in each sub-structure, we first convert the wavelength in observed frame to that in rest frame and then normalize open symbols: individual spectra of red-sequence galaxies with mag_z < 21.5 filled symbols: composite spectra of red-sequence galaxies . Strength of Balmer Hδ absorption line as a function of strength of 4000Å break for red-sequence galaxies. For individual galaxies, the only redsequence galaxies with z-band mag brighter than 21.5 are investigated, while all of the red-sequence galaxies are used for the composite spectra. We apply the definitions by Worthey & Ottaviani (1997) and Balogh et al. (1999) to measure the equivalent width of Hδ and Dn4000, respectively. Symbol and color of the individual galaxies are different depending on the position and redshift ( figure 5 and table 2 ). The open symbols show the measurement for the individual galaxies, and the filled symbols show the measurement for the composite spectra of red-sequence galaxies (figure 7). The solid lines are model tracks of stellar population synthesis of Bruzual & Charlot (2003) with different star formation histories: simple stellar population (red), e-folding time of 0.1 Gyr (pink), 0.3 Gyr (green), and 1.0 Gyr (yellow green) in exponentially declining star formation history, and constant star formation (blue). Stellar ages of 0.1, 0.5, 1, 2, 3, 5, and 10 Gyr are shown by red filled dots for SSP. The dotted and dashed lines show model tracks of SSP with 0.4Z c r and 2.5Z c r , respectively, where stellar age of 2 Gyr is marked by the plus symbol. The gray-scale histogram shows the distribution of the SDSS galaxies at z =0.04-0.1 with the contours of 30, 68, and 90% of the galaxies enclosed.
the flux densities of each spectrum at 4000Å. After that, we stack the spectra with an equal weight. We do not use a weight of 1/σ 2 for stacking, because we prefer not to be biased to bright targets. However, even if the spectra are stacked with a weight of 1/σ 2 , our discussions in this paper do not change. For this analysis, all of the red-sequence galaxies confirmed are used, namely, including not only bright galaxies but also fainter galaxies with z−band mag > 21.5. The composite spectra of red-sequence galaxies are shown in figure 7 , and the number of galaxies stacked for each composite spectrum is shown in table 3. The spectral indices of the composite spectra are measured in the same manner as for the spectra of individual galaxies. The strength of Hδ for the composite spectra is also shown as a function of that of 4000Å break in figure 6 , while the measurements are listed in table 3. In the next section, we discuss the evolution of the large-scale structure around the CL1604 supercluster.
3.2 Implication for the evolution of the large-scale structure
The composite spectra of red-sequence galaxies in the structures at similar redshifts have comparable values of the spectral indices within the errors. All but one (S1 a) indicate the spectra with stellar population older than 2 Gyr, which is comparable with the measurement by Lemaux et al. (2012) for the already known CL1604 clus- Fig. 7 . The composite spectra of the red-sequence galaxies in each sub-structure (table 2) . The flux densities of each spectrum are normalized at 4000Å, and then stacked with an equal weight, i.e. we do not use a weight of 1/σ 2 for stacking, because we prefer not to be biased to bright targets. The pale region around the spectrum shows the 1σ uncertainty. The color-coding in the spectra is the same as in figure 5 . In this plot, the spectra are shifted arbitrarily towards the vertical direction to avoid overlapping each other. The wavelength shown in the horizontal axis is in rest frame. The left figure (a) shows the spectra at the whole wavelength range of 3670-4900Å, while the right figure (b) shows the spectra at the limited range of 3670-4200Å that are important for the spectral indices. In the figure (b), the bars and pale color regions show the wavelength ranges for each spectral index.
ters. Although the red-sequence galaxies are located in the large-scale structures over 50 Mpc scale, our results suggest that the formation epoch is likely to be similar over the whole of structures.
There are several composite spectra of red-sequence galaxies with spectral indices deviating from the model tracks towards the upper right direction. Since the Balmer Hδ is sensitive to the time scale of star formation, one possibility is that the star-formation activity is dependent on the sub-structures along the growth of the large-scale structure. Figure 4 shows that there is a large variation in the fraction of star-forming galaxies between the substructures. The sub-structures at higher redshift, i.e., the N1 c and S1 c, with the larger deviation may have higher fraction of star-forming galaxies, although the S3 a with the spectral indices on the model tracks also seems to be dominated by star-forming galaxies. We should note that the target selection for our spectroscopic observation can cause a bias in the fraction of the population. However, it is possible that the star formation activity, i.e., the fraction of star-forming galaxies, is different between clusters depending on the assembly process such as timing of accretion into more massive halo and interaction with surroundings. In the model of stellar population synthesis, we assume the SSP or smooth history of star formation declining exponentially with time, which means that the model can not take account of the small starburst occurred recently and/or on-going weak dusty star formation. Recent studies of post-starburst galaxies with strong Balmer absorption which are selected by principal component analysis (PCA) show that there are post-starburst galaxies in red sequence rejuvenated by a minor merger with a gasrich galaxy and dusty starburst galaxies are a population of major contaminants of post-starburst galaxies (Pawlik et al. 2018; Pawlik et al. 2019) . Given the facts, the second small starburst in the later phase can change the strength of spectral indices (Kauffmann et al. 2003; Marcillac et al. 2006; Lemaux et al. 2012) . However, although the 4000Å break (Hδ absorption) gets small (strong) soon after the burst, as time passes, the effect of the second starburst becomes negligible. The spectral indices observed in the continuum spectra cannot be explained by only stellar continuum with multiple starbursts.
If star-formation occurs in the galaxies, emission lines from Hii regions should be superposed on the stellar continuum spectra. In fact, there are composite spectra showing [Oii] emission line (figure 7), suggesting that nonnegligible star formation activity. That is, the sample of the red-sequence galaxies can include a large fraction of so-called 'E+A' galaxies Poggianti et al. 1999) . The PCA for galaxy spectra shows that there are post-starburst galaxies with emission lines (Wild et al. 2007; Pawlik et al. 2018) . The red-sequence galaxies do not seem to be purely quiescent galaxies. There is another possibility that the emission lines comes from the existence of active galactic nuclei (Yan et al. 2006) . They all suggest that the star formation history of the red-sequence galaxies is not as simple as the assumption in the stellar population synthesis model, but the red-sequence galaxies have more complex, various histories of star formation.
Both the 4000Å break and Hδ absorption are sensitive to metallicity and dust attenuation as well (Kauffmann et al. 2003; Marcillac et al. 2006) , in the sense that more metal-rich and/or heavier dust attenuation make the galaxies move slightly towards the upper right direction on the Hδ-Dn4000 diagram. It is probable that dusty starburst galaxies at higher redshifts make a larger contribution to the spectral indices. Several previous studies reports that the dusty starburst galaxies are found in the overdense regions at high redshifts (Geach et al. 2009; Koyama et al. 2010; Koyama et al. 2011 ). Lemaux et al. (2012) found that the red-sequence galaxies in the central clusters of this large-scale structure have stellar population consistent with that by a single starburst. Therefore, by combining the results with ours, a picture of the formation of the large-scale structure is that the galaxies in the central massive halo are already mature and the galaxies in the course of accretion into the denser region can have a chance of rejuvenation with small multiple starburst showing a complex star formation history.
Conclusions
In this paper, we reveal the whole picture of the CL1604 supercluster at z ∼ 0.9. Although the CL1604 supercluster was already known as a large-scale structure over ∼ 26 comoving Mpc consisting of three galaxy clusters with M cl > 10 14 M and at least five galaxy groups with Mg > 10 13 M (Lemaux et al. 2012) , the HSC-SSP deep wide-field imaging survey reveals the larger-scale structures extended to the north and south over more than 50 comoving Mpc scale using galaxies selected with photometric redshifts of z ∼ 0.9. We then confirm that there are galaxy clusters and/or groups in both the northern and southern side by determining the redshifts of 55 redsequence galaxies and 82 star-forming galaxies in total. It is found that the already-known CL1604 supercluster is a mere part of larger-scale structures and the tip of the iceberg.
We investigate stellar population of the red sequence galaxies by measuring strength of 4000Å break, Dn4000, and equivalent width of Balmer Hδ absorption line, EW(Hδ). Almost all of the red-sequence galaxies brighter than 21.5 mag in z-band show the old stellar population with Dn4000 > 1.5, which corresponds to stellar age of > ∼ 2 Gyr. The comparison of composite spectra of redsequence galaxies in individual clusters show that even if the red-sequence galaxies are located >50 Mpc apart, they at a similar redshift have similar stellar population age. However, there is a large variation in the star formation history. Therefore, it is likely that galaxies associated with the large-scale structures at 50 Mpc scale formed at almost the same time, have assembled into the denser regions, and then evolved along the hierarchical growth of the cosmic web.
composite spectra of red-sequence galaxies 
Appendix 1 The measurement of Hδ with the different spectral index
Here, we use the definition by Fisher et al. (1998) for the measurement of Balmer Hδ absorption line in the composite spectra. This is because Lemaux et al. (2012) use the definition of Hδ for the galaxies in the already-known central structures. Compared with the measurement with the definition by Worthey & Ottaviani (1997) , there is a large dispersion in the Hδ strength ( figure 8 and table 3 ). As shown in figure 7 , the difference between the indices is the wavelength range used to estimate stellar continuum level. Since the index of Fisher et al. (1998) use the wavelength range apart from the Hδ rather than the index of Worthey & Ottaviani (1997) , the measurement of Hδ is more sensitive to the stellar continuum, which could cause the larger dispersion. Although the reason of the large dispersion is unknown, there are several sky lines around Hδ and the accuracy of subtraction of the sky lines can affect the signal-to-noise ratio of the continuum spectrum. Note that we did not use the nod and shuffle mode in the spectroscopic observations. Therefore, we use the definition by Worthey & Ottaviani (1997) for the discussion in section 3. The measurements by Lemaux et al. (2012) are plotted in figure 8 for comparison with our results. Tables 4 and 5 shows the catalogs of the red-sequence galaxies and star-forming galaxies that are confirmed by the observations, where the information of object id, coordinates, magnitude, and color are extracted from the HSC-SSP PDR2 data (Aihara et al. 2019) . For reference, only object id of the S16A data is also shown. The S16A data are internally released and used in the original target selection described in section 2. For the red-sequence galaxies, the redshift, equivalent width of Hδ, and Dn4000 index are measured from the spectra of individual galaxies in subsections 2.2.3 and 3.1. For the star-forming galaxies, the last column of table 5 shows the emission lines detected in the spectra of individual galaxies. In the case that a single emission line is detected, we assume that the line is [O II] and then the redshift is measured. If required, additional information of the individual galaxies can be extracted from the HSC-SSP PDR2 database 1 , based on object id. Table 4 : A list of 55 red-sequence galaxies confirmed. The object ID in the first column is from the S16A release data and the other information is from the PDR2 data and spectrum. All of the information for the other targets will be provided when the paper is accepted.
Appendix 2 The catalogs of galaxies confirmed
object id (S16A) object id (PDR2) R.A.
Dec. cluster z mag. Table 5: The same as table 4 , but for 82 star-forming galaxies confirmed. In the last column, detection or non-detection of the line is shown by • or ×, respectively, and -means that the spectrum does not cover the wavelength for the emission line. All of the information for the other targets will be provided when the paper is accepted.
Dec. cluster z mag. 
